The NA62 experiment recorded a large sample of K + → μ + ν μ decays in 2007. A peak search has been performed in the reconstructed missing mass spectrum. In the absence of a signal, limits in the range 2 × 10 −6 to 10 −5 have been set on the squared mixing matrix element |U μ4 | 2 between muon and heavy neutrino states, for heavy neutrino masses in the range 300-375 MeV/c 2 . The result extends the range of masses for which upper limits have been set on the value of |U μ4 | 2 in previous production search experiments.
Introduction
The fact that neutrinos oscillate implies that they have non-zero masses. While in the Standard Model (SM) neutrinos are massless by construction, the SM can be extended in various ways to accommodate neutrino masses [1] . In a large class of models, the see-saw mechanism is used to explain the lightness of the SM neutrinos by introducing additional heavy neutrino mass states which mix with the SM flavour states [2] . One example of models including heavy neutrinos is the neutrino minimal Standard Model (νMSM), in which three right-handed neutrinos are added to the SM with one of them being at the GeV scale [3, 4] . For heavy neutrinos with masses below the kaon mass, limits on their mixing matrix elements can be placed by searching for peaks in the missing mass spectrum of K ± decays [5] . In the following, two-body kaon decays to a muon and a SM neutrino are denoted K + → μ + ν μ , while those with a muon and a heavy neutrino are denoted K + → μ + ν h ; the notation K + → μ + N indicates either case. Limits on |U μ4 | 2 in the extended neutrino mixing matrix using the process K + → μ + ν h come from experiments with stopped kaons, and are of the order of 10 −8 up to 300 MeV/c 2 [6] and 10 −6 up to 330 MeV/c 2 [7] .
The ratio of the K + decay width to heavy neutrino to the decay width to SM muon neutrinos is related to |U μ4 | 2 [5] :
where m h is the mass of the heavy neutrino, and f (m h ) accounts for the phase space factor and the helicity suppression, and varies in the range 1.5-4.0 for m h in the region 300-375 MeV/c 2 considered in the present analysis.
Under the assumption that heavy neutrinos decay only to SM particles, the lifetime of a heavy neutrino is determined by the mixing matrix elements and by its mass [8] . For heavy neutrino masses in the range 300-375 MeV/c 2 , the dominant decay modes are ν h → π 0 ν e,μ,τ and ν h → π + − , where = e, μ. Assuming |U 4 | 2 < 10 −4 with = e, μ, τ , the mean free path of heavy neutrinos at NA62 for any mass in the range considered is greater than 10 km, and therefore their decays can be neglected, since the probability of decaying in the detector or decay volume is below 1%.
Beam, detector and data samples
The beam line and detector of the earlier NA48/2 experiment were reused by the NA62 experiment during 2007 data taking; they are described in detail in [9, 10] . Primary protons of 400 GeV/c, extracted from the CERN SPS, impinged on a 40 cm long, 0.2 cm diameter beryllium target. Secondary beams of positively and negatively charged hadrons were produced, momentumselected, similarly focused and transported to the detector. These beams could be run simultaneously or separately. The central beam momentum of 74 GeV/c was selected by the first two magnets in a four-dipole achromat and by momentum-defining slits incorporated into a 3.2 m thick copper/iron proton beam dump, which also provided the possibility of blocking either of the two beams. The beams had a momentum spread of ±1.4 GeV/c (rms 
where E is expressed in GeV. A muon detector (MUV) was located further downstream. The MUV was composed of three planes of plastic scintillator strips (aligned horizontally in the first and last planes, and vertically in the middle plane) read out by photomultipliers at both ends. Each strip was 2.7 m long and 1 cm thick. The widths of the strips were 25 cm in the first two planes, and 45 cm in the third plane. The MUV was preceded by a hadronic calorimeter (6.7 nuclear interaction lengths) not used for the present measurement. Each MUV plane was preceded by an additional 0.8 m thick iron absorber. General data taking conditions are described in [11] . The main trigger condition for selecting the sample of K + → μ + N decays required the coincidence in time and space of signals in the two HOD planes (HOD signal), and loose lower and upper limits on the DCH hit multiplicity (1-track signal), downscaled by a factor of 150. Data taking periods with simultaneous beams were collected with a lead bar installed between the two HOD planes for muon identification studies. For data collected with the lead bar in place, the vetoing power for backgrounds with photons is reduced, so these data are excluded from the present analysis. Since the muon halo background is smaller in the K + sample, this analysis is based on data with the K + beam only (43% of the integrated kaon flux, as used in [12] ), while data taken with only the K − beam are used to study the background from halo muons.
Analysis strategy
In the decay K + → μ + N the neutrino mass can be recon- 2 , where p K and p μ are the four-momenta of the kaon and the muon respectively. The kaon momentum is not measured on an event-by-event basis, and p K is obtained, assuming the kaon mass, from the average three-
every 500 SPS spills. The muon four-momentum p μ is determined as that of a reconstructed charged track, assumed to be a muon. [7] . The reconstructed missing mass range 245-298 MeV/c 2 , where the ν h presence is excluded by this limit, is used as a control region to measure the trigger efficiency for the background events.
Event selection
Charged particle trajectories and momenta are reconstructed from hits and drift times in the spectrometer using a detailed magnetic field map. The reconstructed K + → π + π + π − invariant mass is used for fine calibration of the spectrometer momentum scale and DCH alignment throughout the data taking. Clusters of energy deposition in the LKr calorimeter are found by locating maxima in space and time in the digitized pulses from individual cells. Reconstructed energies are corrected for energy outside the cluster boundaries, energy lost in isolated inactive cells (0.8% of the total number), sharing of energy between clusters, and non-linearity for clusters with energy below 11 GeV.
The selection requires exactly one positively charged track with the following characteristics: within the DCH, LKr calorimeter and MUV geometrical acceptance; momentum p between 10 and 65 GeV/c; within 20 ns of the trigger time recorded by the HOD; distance of closest approach (CDA) between the track and the beam axis, as monitored with K + → π + π + π − decays, smaller than 3 cm; track extrapolation associated in time and space with MUV signals from the first two planes.
Selected events are required to be free of clusters of energy deposition in the LKr calorimeter except for any of the following configurations: the cluster energy is lower than 2 GeV; the cluster time is more than 12 ns away from the track time; the cluster is consistent with bremsstrahlung from the track before deflection by the spectrometer magnet (within 6 cm of the straight-line extrapolated upstream track); the cluster position is within 40 cm of the extrapolated downstream track.
Background contributions
The background receives contributions from muon halo, evaluated with the control data sample, and from kaon decays, evaluated with simulation.
Muon halo background
A data driven approach is used in modelling the muon halo contribution, and in designing a selection that minimizes this background while preserving signal acceptance. The distribution of halo background events is estimated using the control sample (see Section 3). The majority of reconstructed μ + in the control sample Fig. 1 show example projections of these five-dimensional criteria; the events outside the contours are rejected. The signal acceptance reduction due to the multidimensional criteria with respect to the selection described in Section 4 is in the range 40-45% depending on m h . The estimated number of halo background events in the final sample is obtained from the number of events observed in the control sample, normalized to the K + data in the range m 2 miss > 0.05 GeV 2 /c 4 and 3 < CDA < 8 cm.
Kaon decay background
The total number of kaon decays in the fiducial region, N K , is used to scale the simulated distributions of the expected backgrounds. It is measured with a sample of K + → μ + ν μ decays using the selection described in [11] after adding the kinematic criteria; the number of events in the missing mass squared distribution within |m The decay K + → μ + ν μ forms a peak at zero m 2 miss with a width determined by the width of the kaon momentum spectrum, spectrum. Decays with positrons in the final state (K + → e + ν e , K + → π 0 e + ν e ) are rejected with particle identification.
Systematic uncertainties on the background estimate
The uncertainty on kaon decay background receives contributions from the uncertainty on the number of kaon decays in the fiducial volume, N K , and the individual kaon decay branching ratios. The contribution from the finite size of the simulated samples 
A K + → μ + ν μ sample is used to measure the MUV muon identification efficiency as a function of track momentum. This efficiency varies between 96% and 98% over the momentum range between 10 and 65 GeV/c. The simulation is tuned to reproduce this efficiency to 1% precision, and therefore a systematic uncertainty of 1% is assigned to the total expected background.
The HOD trigger inefficiency is (1.4 ± 0.1)% as discussed in [11] ;
since the inefficiency depends mainly on the number of tracks which is the same for signal, K + → μ + ν μ decays and main backgrounds, it cancels out to a good approximation. The 1-track trigger inefficiency for K + → μ + ν μ decays was measured with respect to the HOD trigger to be much smaller that the HOD inefficiency [11] and can be neglected. Conversions of undetected photons from K + → π 0 μ + ν decays cause a 1-track inefficiency due to events with high multiplicity of hits in the DCH chambers. The 1-track trigger efficiency for the background could be evaluated directly in the signal region, or by extrapolating the measurement performed in the control region to the signal region. However, the possible presence of K + → μ + ν h decays in the signal region would increase the apparent efficiency, thereby affecting the signal sensitivity. Therefore the 1-track trigger efficiency for the background is evaluated in the control m miss region 245-298 MeV/c 2 , since strong limits on the heavy neutrino production in this region already exist. In this control region the 1-track efficiency is (89.8 ± 0.6)% and was shown not to depend on the missing mass. The uncertainty on the trigger efficiency for the background translates into a contribution of 0.7% on the total expected background. 
Upper limits on heavy neutrino production
The event selection described in Section 4 with the addition of the five-dimensional criteria described in Section 5.1 constitutes the final selection. 6 , together with the limits from a previous peak search experiment [6] . 
Conclusions
A peak search has been performed in the missing mass spectrum observed in K + → μ + N decays using part of the NA62 2007 dataset. Limits in the range 2 × 10 −6 to 10 −5 have been set on the mixing matrix element squared between muon and heavy neutrino 2 at each assumed ν h mass. The existing limit from KEK E089 [6] is also shown (dotted line). Below 300 MeV/c 2 there is a limit of O(10 −8 ) from BNL E949 [7] , not shown.
states for assumed neutrino masses in the range 300-375 MeV/c 2 .
The result extends the range of masses for which upper limits have been set on the value of |U μ4 | 2 by previous ν h production experiments. Thanks to the design and excellent performance of the current NA62 setup [14] , a substantial improvement in sensitivity is expected.
